An increased mitochondrial proton leak occurs in aging, but the origin of such modification remains unclear. This study defined the cause of mitochondrial uncoupling in mitotic (liver) and postmitotic (heart) rat tissues during aging and its effects on energy homeostasis and free radical production. Proton leak in old heart mitochondria was dependent on uncoupling proteins' upregulation, whereas it was caused by alterations in the mitochondrial membrane composition in old liver. ATP homeostasis was impaired in both tissues from old animals and was associated to disrupted F 0 F 1 -ATPase activity. H 2 O 2 production rate and 4-hydroxy-2-nonenalprotein adducts were higher in old liver mitochondria compared with young liver mitochondria, but they were similar in heart mitochondria from both groups. Moreover, key mitochondrial biogenesis regulators were upregulated in old liver but downregulated in old heart. In conclusion, uncoupling proteins mediate proton leak and avoid oxidative damage in heart, acting as a protective mechanism. This does not occur in liver, where ATP depletion and oxidative stress may stimulate mitochondrial biogenesis and eliminate damaged cells.
A
GInG is characterized by a general decline in physiological functions. Although there are currently more than 300 theories about aging, the mechanisms underlying the decline in physiological functions are poorly understood (1) . Oxidative damage caused by free radicals and alterations in energy regulation are the main features of aging (2, 3) . Mitochondria were brought to attention in aging processes due to their central role in producing chemical energy (ATP) and free radicals in the cell. Age-dependent impairment of mitochondrial function may include increased H + permeability of the inner membrane (proton leak), impairment of the H + -driven ATP synthesis, and increased free radical production (4).
In multicellular organisms, aging involves distinctive changes in different cellular components. Cells are divided into two fundamental types: mitotic-which retain the capacity to proliferate-and postmitotic-which irreversibly lose the ability to proliferate (5) . Because of their contrasting proliferative potential, it is conceivable that mitotic and postmitotic cells age by fundamentally different mechanisms (5) .
Different mammalian tissues have distinct energy needs; thus, the composition of mitochondrial proteome is tailored to meet the necessities of each cell type (6) . Interestingly, the different tissues also present with large diversities in the composition of the oxidative phosphorylation machinery and the organization of mitochondria, which could reflect the variable physiological activity (7) .
It has been demonstrated that the mitochondrial DnA content changes differently in various tissues during aging, probably reflecting functional diversities (8) . We recently described reduced mitochondrial membrane potential and increased proton leak in aging tissues (9) . However, we did not address either the origin of such modifications or the difference among tissues.
Mitochondrial proton leak alters the coupling between the electron transport and phosphorylation reaction and thus reduces the efficiency of ATP synthesis without influencing the respiratory chain and ATP synthase (10) . Because the endogenous mitochondrial proton conductance may also protect against reactive oxygen species (ROS) production (11) , it has been hypothesized that the energy-dissipating proton cycle could be important to reduce oxidative damage and to slow aging (12) . Uncoupling proteins (UCPs), adenine nucleotide translocator (AnT), and membrane fatty acid composition have been proposed as potential regulators of mitochondrial proton leak (13) , by acting both on mitochondrial bioenergetics and on free radical production (14, 15) .
In this study, we aimed to define the basis of uncoupling and to evaluate its consequences on energy homeostasis and free radical production in mitochondria isolated from mitotic and postmitotic rat tissues in order to point out specific differences. We designed this study to verify the hypothesis that proton leak influences energy homeostasis differently in mitotic and postmitotic tissues and that it may be part of the aging program of the specific tissues.
Methods

animal experiments
Young (5 months) and old (25 months) male Wistar rats (Harlan Laboratories, San Pietro al natisone, Italy) were caged individually in a temperature-and light-controlled environment with free access to food and water. , as well as with Italian laws on animal experimentation. Animals were anesthetized by intraperitoneal overdose of ketamine and acepromazine and then sacrificed. Liver and heart were removed quickly in this order and processed for mitochondrial isolation. Liver and heart samples were immediately frozen in liquid nitrogen for further analyses.
oxygraphic Measurements
Liver and heart were rapidly processed for mitochondrial isolation as previously reported (9) . Mitochondrial protein concentration was determined using the Lowry micromethod kit (Sigma-Aldrich, St. Louis, MO).
Freshly prepared mitochondria were assayed for oxygen consumption at 37°C in a thermostatically controlled oxygraph apparatus equipped with a Clark's electrode and a rapid mixing device (Hansatech Instruments, norfolk, UK). Oxygen uptake in state 3 and state 4 and respiratory control index were calculated as previously reported (16) .
Mitochondrial Proton leak analysis
Mitochondrial membrane potential (Δψ) was measured at 37°C, in the presence of 5 mM succinate, 2 µM rotenone, and 5 µM oligomycin in a thermostatically controlled oxygraph apparatus equipped with a Clark's (Hansatech Instruments) and a tetraphenylphosphonium (TPP + ) electrode (WPI, Berlin, Germany) as previously reported (9) . TPP + uptake was carried out in basal conditions and in the presence of 0.4 mM guanosine diphosphate (GDP), which acts as an inhibitor of UCPs in vitro, or 2.5 µM carboxyatractylate (CAT), which inhibits AnT (13 (17) . The determination of membrane potential dependence of the proton leak activity in isolated mitochondria is based on the protocol described by Porter and Brand (18) .
evaluation of F 0 F 1 -aTPase activity and Tissue aTP content F 0 F 1 -ATPase activity was measured following ATP hydrolysis with an ATP-regenerating system coupled to nADPH oxidation (19) .
The hepatic and cardiac ATP concentration was assessed by bioluminescence (Enliten ATP assay kit-Promega Corporation, Madison, WI) according to the method of Yang (20) .
Measurement of Mitochondrial H 2 o 2 Production and Free Radical leak
The rate of peroxide production was determined in isolated liver and heart mitochondria as previously reported (17) . Briefly, mitochondrial H 2 O 2 production was measured at 37°C following oxidation of Amplex Red by horseradish peroxidase in isolated rat liver mitochondria using 5 mM pyruvate plus 1 mM malate or 5 mM succinate as respiratory substrate. The fluorescence of supernatants was measured using 312 nm as excitation wavelength and 420 nm as emission wavelength. The rate of peroxide production was calculated using a standard curve of H 2 O 2 .
The H 2 O 2 and O 2 consumption of liver and heart mitochondria were measured in parallel in the same samples under similar experimental conditions. This allowed the calculation of the fraction of electrons out of sequence, which reduce O 2 to ROS at the respiratory chain (the percent free radical leak, FRL) instead of reaching cytochrome oxidase to reduce O 2 to water. Since two electrons are needed to reduce 1 mol of O 2 to H 2 O 2 and four electrons are transferred in the reduction of 1 mol of O 2 to water, the percent FRL, according to the method of Sanz (21) , was calculated as the rate of H 2 O 2 production divided by twice the rate of O 2 consumption, and the result was multiplied by 100.
Mitochondrial 4-Hydroxy-2-nonenal-Protein adducts
Liver and heart mitochondrial fluorescent adducts formed between 4-hydroxy-2-nonenal (HnE) and mitochondrial proteins were monitored by spectrofluorimetry as previously reported (22) .
UcP2 and UcP3 Protein expression analysis
Equal amounts of mitochondrial proteins were immunoprecipitated at 4°C overnight with anti-UCP2 antibody (Rabbit polyclonal UCP2 and UCP3 from Santa Cruz Biotechnology, Santa Cruz, CA) and 30 µL protein G-Agarose beads, using the Protein G Immunoprecipitation Kit (IP-50, Sigma-Aldrich, Saint Louis, MI). The immunoprecipitated samples were loaded on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and transferred to nitrocellulose membrane for immunoblot analysis with anti-UCP2 or anti-UCP3 antibodies. Reactive bands were visualized by the enhanced chemiluminescence method by VersaDoc Image System (Bio-Rad Laboratories Headquarter, Hercules, CA).
Gene expression analysis by Real-Time RT-PcR
Real-time RT-PCR was performed on RnA extracted from liver and heart tissues, using SYBR Green I assay in Bio-Rad iCycler detection system as previously reported (23) . A PCR master mix containing the specific primers shown in Table 1 was used. The threshold cycle (CT) was determined, and the relative gene expression subsequently was calculated as follows:
, where ∆ = − CT CT CT target housekeeping
Mitochondrial lipid composition.-Total lipids were extracted from mitochondria (10 mg protein) using the Bligh and Dyer procedure (24) . The extract was dried under a flow of n 2 and resuspended in a proper volume of CHCl 3 . To analyze fatty acids, liver mitochondria were saponified with ethanolic KOH for 2 hours at 90°C. Fatty acids were extracted (25) , and their corresponding methyl esters (fatty acid methyl esters) were prepared by transesterification with 17% methanolic boron trifluoride (BF 3 ) at 65°C for 30 minutes. Fatty acid methyl esters were then analyzed by gasliquid chromatography (26) . Peak identification was performed by using known standards, and relative quantitation was automatically carried out by peak integration.
Statistical analysis.-Data were expressed as mean ± standard deviations of the mean (SDM). Differences among means were analyzed using unpaired t test and Welch's corrected t test, or one-way analysis of variance and TukeyKramer as post hoc test. In all instances, p < .05 was taken as the lowest level of significance. The package GraphPad Prism 4 for Windows (GraphPad Software Inc., San Diego, CA) was used to perform all the statistical analysis.
Results
increased Proton leak observed in liver and Heart Mitochondria From aged Rats Depends on Different Mechanisms
The analysis of oxygen uptake both in state 3 and in state 4 using glutamate plus malate or succinate as mitochondrial substrate revealed that old rats conserve a normal capacity of substrate oxidation compared with young rats (Table 2) both in heart and liver mitochondria. The preserved respiratory control index was not able to maintain the same membrane potential as that of young rats, which was significantly reduced (Table 1) . These results were consistent with an increased rate of proton conductance, as previously described (9) .
Mitochondria were then incubated with succinate as substrate and rotenone as complex I inhibitor in the presence of oligomycin, which selectively inhibits mitochondrial ATP synthase, with or without GDP as inhibitor of UCPs or CAT as inhibitor of AnT. The profile of the flow-force relationship in mitochondria of old group was different from that of young group, both in liver and in heart ( Figure 1 ). In both liver and heart of old rats, we observed a significant increase in substrate oxidation to maintain a membrane potential compared with young rats, an effect consistent with the presence of an uncoupling agent. When GDP was added, the proton leak was abolished only in the heart of old rats but not in liver. On the contrary, no changes were observed when mitochondria from old tissues were preincubated with CAT. Our results indicate that aging was AGC AGT TCT GGC GCT ACT TC  CCA TTG AAC TCA CGC TGG GA  Ant2  CAA AGG GAA TGC TCC CGG AT  ATC TTC CGC CAG CAG TCA AG  ChRebp  CAG ATG AGC ACC GGA AAC CT  CTT CCC TGC TGG ACT TAC GG  nrf1  GCA CCT TTG GAG AAT GTG GT  GCA GAC TCC AGG TCT TCC AG  nrf2  AGG TTG CCC ACA TTC CCA AA  GGA ATA TCC AGG GCA AGC GA  PyrK liver  AGT GAC GTG TTA GCA GTC CG  AGA AAA CCT TCT CCG CAG GG  PyrK heart  TGT CCG GAG AAA CAG CCA AA  TCG CGC AAG CTC TTC AAA CA  Tfam  TGA TGG GCT TAG AGA AGG AAG  CCG AGG TCT TTT TGG TTT TC  Pgc1α  GCT TTC TGG GTG GAT TGA AG  GTG CAT CAA ATG AGG GCA AT  Ucp2  CTT TGA AGA ACG GGA CAC  TCC TGC TAC CTC CCA GGA  Ucp3  ATG AGT TTT GCC TCC ATT CG  AAT CGG ACC TTC ACC ACA TC  Gapdh TCA AGG CTG AGA ATG GGA AG ATG GTG GTG AAG ATG CCA GT Figure 1 . H + permeability of isolated mitochondria in liver (A) and heart (B) of young (open squares) and old rats, without (filled squares) and with (filled circles) guanosine diphosphate (GDP), or with carboxyactratyloside (CAT, open circles). The membrane potential dependence of the proton leak rate was determined in mitochondria oxidizing succinate (10 mM) in the presence of rotenone. Oligomycin was added to inhibit ATP synthase activity. Bar graphs on the right show the proton leak by interpolation at 150 mV. Data are expressed as mean ± SeM. Statistical differences were assessed using one-way analysis of variance (AnOVA) and Tukey-Kramer as post hoc test. associated with significantly higher oxygen consumption, a protonophoric effect that was abolished by GDP only in the heart (Figure 1) . Such difference in the tissues was then analyzed to identify the underlying mechanism.
UcP2, UcP3, and ant2 are overexpressed in Heart but not in liver of aged Rats UCP2 and UCP3 are expressed in most tissues and organs (27, 28) . UCPs play a role in regulating H 2 O 2 generation (14) and in modifying energy production in aging tissues (29) . Western blot and real-time RT-PCR expression analysis demonstrated that UCP2 and UCP3 were scantily expressed in young and old liver but were upregulated in the heart tissues from old rats compared with young rats (Figure 2A and B) .
Adenine nucleotide translocators 1 and 2 (AnT1 and AnT2) are potential regulators of the proton permeability of the inner mitochondrial membrane (30) . Gene expression analysis revealed that Ant1 mRnA levels were similar in both tissues from young and old rats; Ant2 mRnA was downregulated in liver but upregulated in heart of old rats compared with young rats (Figure 2A ).
Mitochondrial RoS Production is increased in liver but limited in Heart of aged Rats
The rate of H 2 O 2 production was significantly higher in old liver mitochondria when glutamate plus malate or succinate was used as substrate ( Figure 3A) . It is interesting to note that H 2 O 2 production rate in old heart mitochondria was similar to that in young heart mitochondria ( Figure 3B ). Preincubation with GDP enhanced peroxide production rate in old heart mitochondria, but no variations were observed in liver mitochondria; no variations were observed when mitochondria were preincubated with CAT ( Figure 3A and B) .
The percentage of electrons in the respiratory chain directed to ROS generation (FRL) was significantly increased in old liver mitochondria both with the complex I-and the complex II-linked substrates; preincubation with either GDP or CAT had no influence on FRL ( Figure 3C ). FRL was similar in old and young heart mitochondria when glutamate plus malate was used as substrate; when succinate was used as substrate, FRL was reduced in old compared with young heart mitochondria ( Figure 3D ). Mitochondrial preincubation with GDP (but not with CAT) increased FRL in old heart mitochondria ( Figure 3D ). Figure 2 . Effect of aging on expression of UCP2, UCP3, Ant1, and Ant2. (A) mRnA levels were measured using real-time reverse-transcription PCR. Real-time quantization of Ucp2, Ucp3, Ant1, and Ant2 mRnA expression relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRnA expression was performed. PCR data are shown as mean values ± SDM for the Ucp2, Ucp3, Ant1, or Ant2 gene relative to an arbitrary value of 1, which was assigned to expression levels in young animals. Five different experiments were performed each time. Statistical differences were assessed using unpaired t test and Welch's corrected test. (B) A representative blot of five experiments of UCP2 and UCP3 from mitochondria of liver and heart isolated from young and old rats. Statistical differences were assessed using unpaired t test and Welch's corrected test.
Free radicals may oxidize polyunsaturated fatty acyl groups of membrane phospholipids producing various aldehydes such as HnE, reactive mediator of free radical damage (31) . Then, we observed an increase in the level of mitochondrial HnE-protein adducts in old rather than in young group in liver but not in heart (Figure 4) .
aging induces Modifications in Hepatic Mitochondrial Membrane Fatty acid composition
The membrane composition may influence many aspects of mitochondrial function, including enzyme activity, coupling of respiration, and susceptibility to oxidative damage. We analyzed lipid composition of membranes in liver and heart mitochondria from young and old rats. As shown in Table 3 , composition of fatty acids in heart mitochondria from old rats was similar to that in mitochondria from young rats; heart mitochondria from old rats also showed an increase in arachidonic acid. Rates of peroxide production of liver and heart mitochondria from young and old rats using glutamate plus malate or succinate as substrates, without and with guanosine diphosphate (GDP) or carboxyactratyloside (CAT). (C and D) Free radical leak (FRL; %) of liver (A) and heart (B) mitochondria from young and old rats using glutamate plus malate or succinate as substrates, without and with GDP or CAT. The FRL is the percentage of the total electron flow in the respiratory chain directed to oxygen radical generation. Data are expressed as mean ± SDM of five different experiments. Statistical differences were assessed using one-way analysis of variance (AnOVA) and Tukey-Kramer as post hoc test. However, when liver was studied, we observed a reduction in the ratio between saturated/unsaturated fatty acids in old compared with young rats. In particular, a marked decrease in margaric and stearic acid (saturated) and an increase in eicosapentaenoic and docosahexaenoic acid (unsaturated) was observed.
aTP Depletion and impaired F 0 F 1 -aTPase activity occur in liver and Heart of aged Rats
Because proton leak mediates the coupling between substrate oxidation and ATP synthesis by dissipating the proton motive force to be used by the complex V for producing ATP, we investigated whether ATP stores changed in liver and heart mitochondria of aged rats. Hepatic and cardiac ATP content was significantly lower in mitochondria of old than in mitochondria of young rats ( Figure 5A ). The specific ATP synthase activity (complex V) was also decreased both in liver and in heart mitochondria in old rats ( Figure 5B ).
nuclear Modulation of Mitochondrial Biogenesis in liver and Heart of aged Rats
Mitochondrial biogenesis is coordinately regulated at the nuclear level by several transcription factors such as peroxisome proliferator-activated receptor-γ coactivator 1 α (PGC1α) and its downstream targets mitochondrial transcription factor A (TFAM) and nuclear respiratory factors 1 and 2 (nRF1 an nRF2 [32] ). Gene expression analysis revealed that Pgc1α and nrf1 were upregulated in old liver compared with young; on the contrary, a downregulation of Pgc1α and Tfam was observed in old heart compared with young ( Figure 6A ). It is interesting to note that nrf2 gene was overexpressed in heart from old rather than that from young animals, but no modifications were observed in the liver ( Figure 6B ). Figure 5 . ATP content (A) and specific ATPase activity (B) of liver and heart from young and old rats. Data are expressed as mean ± SDM of five different experiments. Statistical differences were assessed using unpaired t test and Welch's corrected t test.
Upregulation of Glycolytic Pathway in liver and Heart of aged Rats
To verify whether the decline in mitochondrial function occurring in aging was dependent on alteration of glycolysis, which is the major source of ATP, gene expression of carbohydrate responsive element-binding protein, a key regulator of glucose metabolism, and its target gene pyruvate kinase (PyrK), a limiting step of glycolysis (33), was performed. Both genes were overexpressed in liver and heart of old animals compared with young ones ( Figure 6C ).
Discussion
This study demonstrates that mitochondrial uncoupling increases in several tissues during aging, but it is determined by different causes in mitotic or in postmitotic tissues. In fact, we report that during aging in a postmitotic tissue such as heart, UCPs account for the mitochondrial uncoupling, whereas in liver (mitotic), expression of UCPs does not change and there is increased mitochondrial uncoupling due to membrane fatty acid alteration.
Aging is a complex and multifactorial process that involves adaptations in every part of the organism, which correspond to dramatic modifications at molecular levels such as cellular metabolism, tissue composition, and DnA damage (34) . Oxidative damage to DnA, proteins, and other macromolecules accumulates with age and has been postulated to be a major type of endogenous injury leading to aging (35) . The main endogenous source accounting for most of the oxidants produced by the cells is mitochondria (36) . The inverse relation between free radical production and metabolic rate with normal life span in different animal species suggests that mitochondria, as the sites of oxygen consumption, must be involved in the aging process (37) . The search for age-dependent changes in mitochondrial bioenergetics has produced conflicting results, reporting either significant changes or no differences (4,38). We have previously demonstrated that mitochondrial respiratory activity does not change in tissues from old rats; however, when the rate of electron transport was suppressed, mitochondria from old animals exhibited an increased rate of proton conductance, which partially dissipated the mitochondrial membrane potential, known as proton leak (9). Figure 6 . Effect of aging on expression of nuclear regulators of mitochondrial biogenesis (A: Pgc1α, nrf1, Tfam), antioxidant response (B: nrf2), and glycolysis (C: ChRebp and PyrK). mRnA levels were measured using real-time reverse-transcription PCR. Real-time quantization of Pgc1α, nrf1, Tfam, nrf2, ChRebp, or PyrK mRnA expression relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRnA expression was performed. PCR data are shown as mean values ± SDM for the Pgc1α, nrf1, Tfam, nrf2, ChRebp, or PyrK gene relative to an arbitrary value of 1, which was assigned to expression levels in young animals. Five different experiments were performed each time. Statistical differences were assessed using unpaired t test and Welch's corrected test.
The mechanism of proton leak merits further discussion, particularly in the light of recent developments in this area: proton leak may involve UCPs, AnT, and/or bilayer lipid composition of the mitochondrial membrane (13, 15) . UCPs are widely expressed in the heart (39) but not in parenchymal liver cells (40) . Two different AnT isoforms were identified in rats but differently expressed in various tissues: A predominant proportion of AnT1 is found in heart, whereas AnT2 is mainly present in liver (41) . Our data show that in old hearts, proton leak occurs and is mediated by UCP2 and UCP3 activity, since GDP, a potent and specific inhibitor of UCPs, completely reversed the uncoupling; however, the same effect was not observed in the liver. UCP2 and UCP3 were also upregulated in terms of both mRnA and protein expression in the heart but not in the liver of old rats. The contribution of AnT to mitochondrial uncoupling was also evaluated, but no changes were observed in old tissues compared with young ones. We observed that in aged liver, but not in the heart, mitochondrial uncoupling was associated with changes in membrane fatty acid composition. In fact, a reduction in saturated and an increase in unsaturated fatty acids was observed, with consequent modification of the unsaturation index, which enhances proton permeability across the inner membrane (42) . Moreover, we reported an increase in eicosapentaenoic and docosahexaenoic acids, 3-n polyunsaturated fatty acids, which increase mitochondrial proton leak (43) .
The importance of proton leak in aged tissues is related to their influence on the energy homeostasis. In fact, proton leak may reduce ATP availability as previously reported (44) . A decrease in ATP synthesis by oxidative phosphorylation due to oxidative damage has been reported in mitochondria of old mammalian tissues (45) . The proton-driven ATP synthesis during aging has been estimated from ADP/O ratios in coupled mitochondria (4). To our knowledge, only two studies have analyzed the ATP content and the rate of ATP production in vivo (46, 47) , but the analysis was performed only in isolated mitochondria. Because the mitochondrial content could not reflect the total intracellular levels of ATP (48) , to address the contribution of mitochondria to the impairment of energy homeostasis, ATP content was measured in the tissue and ATPase function coupled with respiratory chain was performed in mitochondria. The ATP content was reduced both in liver and in heart of old animals compared with young ones. Moreover, the activity of the F 0 F 1 -ATPase significantly decreased in the same group. Although this study did not address the complex mechanism of mitochondria energy homeostasis change occurring during aging, our results may shed light on the role of respiratory chain dysfunction in such mechanism. F 0 F 1 -ATPase activity does not correlate with ATP levels; however, our data show that ATP inefficiency may partially account for ATP depletion observed during aging. In addition, the increased mitochondrial uncoupling can further limit ATP production and compromise energy availability observed in aging cells.
The reduced mitochondrial efficiency, which occurs in aged tissues, may lead to the enhancement of alternative pathways of ATP production, such as glycolysis. Our data show that the glycolytic pathway is upregulated both in liver and in heart of aged rats, in accordance with previous observations (49) (50) (51) , suggesting the metabolic shift from mitochondrial respiration to glycolysis as a major energetic supply in aging.
Different origins of uncoupling in mitotic and postmitotic tissues observed in our experiments is the major finding of this study and may have several implications. The endogenous mitochondrial proton conductance can protect cells against free radical production (11). We found that mitochondrial H 2 O 2 production increases in the liver of aged rats but not in the heart. The analysis of FRL revealed that liver mitochondria from old rats produce more H 2 O 2 per minute but also more H 2 O 2 per unit of electron flow in the respiratory chain. On the contrary, heart mitochondria from old animals show a reduced H 2 O 2 production per unit electron flow. The effect of GDP on peroxide production rate and on FRL in old heart mitochondria is strongly suggestive of the protective role played by UCPs against free radicals. The reduction in free peroxide production has significant implication in terms of oxidative stress damage as demonstrated by the formation of HnE-protein adducts. Mitochondria from old heart showed the same level of oxidative protein damage as that observed in young one. On the contrary, HnE-protein adducts were significantly higher in old than in young livers. Taken together, these data suggest that an old heart is more efficient than an old liver, almost from a redox point of view. Such observation is consistent with a more efficient respiratory control in the heart that controls the rate of free radical generation without affecting oxygen consumption, and in turn, energy production. The overexpression of UCP2 and UCP3 and the mitochondrial uncoupling are part of a strategy used by postmitotic tissues to reduce mitochondrial redox pressure and, ultimately, to prevent oxidative damage. On the contrary, uncoupling observed in liver mitochondria from old rats is not an active strategy but seems to be the result of alterations occurring in the fatty acid composition of mitochondrial membranes. Such changes increase peroxide production and oxidative protein damage and enhance the susceptibility of the membranes to peroxidation because of a higher unsatured composition of lipid bilayer (Figure 7 ).
The energy deficiency may be counteracted by mitochondrial biogenesis through the nuclear regulator PGC1α and the target genes nRF1, nRF2, and TFAM (52) . In such context, mitochondrial ROS production may act as activation signal (53) . Our study show that nuclear regulators of mitochondrial biogenesis are overexpressed in aged liver but not in aged heart, except nrf2 gene, which is upregulated in aged heart but not in aged liver. It is likely that oxidative stress in mitotic cells could induce mitochondrial biogenesis to restore the activity of impaired mitochondria. On the contrary, the higher oxidative metabolism in postmitotic cells such as cardiomyocytes may upregulate the nRF2/ antioxidant response element pathway, which is critical for the regulation of intracellular redox status (54) .
In conclusion, this study suggests that UCP-mediated proton leak occurring in aged heart is part of a subtle mechanism developed by postmitotic cells to protect themselves from oxidative stress, with important consequences in terms of stability and viability during aging. Such hypothesis is consistent with the most recent and independent reports of Teshima and Andrews on the cardioprotective role of UCP2 (55) and on its potential role in increasing life span (56) . Mitotic tissues may use high oxidative stress in the cells as a sensor of inefficiency and activate a complex signal that gets the liver to activate a regenerating program that eliminates older elements. During aging, alteration of such subtle mechanism of regeneration may be not be efficient and several products of oxidative damage may accumulate in the tissue, which in turn may affect energy homeostasis of the cell. The increased reactive oxygen species (ROS) production in aging may lead to uncoupling protein overexpression in postmitotic tissues (heart), with consequent reduction in redox pressure and preservation of senescent cells. On the contrary, in mitotic tissues (liver), a modification of mitochondrial membranes occurs, increasing susceptibility to lipoperoxidation and oxidative damage, which lead to necrosis of impaired cells and probably to replacement with functional ones.
